NASA TR R-80

NASA TR R-80

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

TECHNICAL REPORT
R-80

THE EFFECT OF LIFT ON ENTRY CORRIDOR DEPTH
AND GUIDANCE REQUIREMENTS FOR THE
RETURN LUNAR FLIGHT

By THOMAS J. WONG and ROBERT E. SLYE

1961

For zale by the Superintendent of Documents, U.S. Government Printing Office, Washington 25, D.C. Yearly sabscription, §15; foceign, $19;
single copy price varies according tosize ---ec-au. Price 30 cents






TECHNICAL REPORT R-80

THE EFFECT OF LIFT ON ENTRY CORRIDOR DEPTH
AND GUIDANCE REQUIREMENTS FOR THE
RETURN LUNAR FLIGHT

By THOMAS J. WONG and ROBERT E. SLYE

Ames Research Center
Moffett Field, Calif.







TECHNICAL REPORT R-80

THE EFFECT OF LIFT ON ENTRY CORRIDOR DEPTH AND GUIDANCE
REQUIREMENTS FOR THE RETURN LUNAR FLIGHT

By Tuomas J. Woxa and RoBerT L. SLyEk

SUMMARY

Entry corridors for manned vehicles returning
Jrom the moon are defined consistent with require-
ments  for avoiding radiation exposure and for
Limiting values of peak deceleration. It was found
that the use of Lift increases the depth of the entry
corridor and, hence, reduces guidance accuracy
requirements.  Mid-course guidance requirements
appear to be critical only for the flight-path angle.
Increasing the energy of the transfer orbit increases
the required guidance accuracy for the flight-path
angle.

To correct a trajectory for an error in target
perigee point, it was found that application of the
corrective thrust essentially parallel to the local
horizontal produces the marimum change in perigee
altitude for a given increment of veloeity. It was
also found that the energy required to effect a given
change in perigee altitude -is not strongly dependent
on the energy of the orbit, but it was found to vary
inversely with range measwred from the center of the
earth. For this reason, it ix important to detect
and correct any errors in approach trajectory at the
largest possible distance from the earth.

INTRODUCTION

The use of multiple-graze trajectories for atmos-
phere entry has been studied in some detail as a
possible method for alleviating the heating and
deceleration  problems encountered by manned
space vehicles during entry (see refs. 1, 2, and 3).
This type of trajectory, however, requires very
precise control of the approach orbit (sce ref. 4).
Because of such severe guidance requirements, the
multiple-graze type entry does not appear attrac-
tive at the present time. When allowances are

made for finite guidance tolerances of single-graze
entries, a vehicle will be required to operate
through larger ranges of entry angles and altitudes
and henee more severe decelerations and heating
conditions than for multiple-graze type entries.
Limiting values of deceleration and heating will
determine a flight corridor through which the
vehiele must fly for successful entry.  The depth
of the corridor then determines the allowable
tolerances on the velocity vector. Some of these
problems for a eircumnavigating lunar vehicle were
presented by Xenukis in reference 5 in which
caleulations were made for ballistie vehicles only.
The purpose of the present paper is to determine
the effect of lift on the entry corridor and guidance
requirements for the return lunar flight. A similar
anulysis of entries into other planctary atmos-
pheres as well as entries into carth’s atmosphere
following return from interplanctary space is
presented by Chapman in reference 6. Guidance
requirements for entry into earth’s atmosphere,
however, were evaluated only for vehicles having
lift-drag ratios of unity and parabolic approach
orbits.

GENERAL CONSIDERATIONS

EFFECT OF RADIATION BELTS

In addition to the guidance considerations just
discussed, the high-intensity radiation belts dis-
covered through the IGY sponsored experiments
of Vun Allen (see, c.g., ref. 7) also impose some
restrictions on the flight of manned space vehicles.
It is indicated, for instance, that manned satellites
should be restricted to orbiting altitudes below 400
miles or above 30,000 miles.  Van Allen has also
speculated that manned space vehicles may best
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leave and approach the earth through the radia-
tion-free zones over the poles (ref. 7). The
presence of these belts imposes further restrictions
on the entry procedure.  For example, if a vehicle
approaching the earth makes a light graze of the
atmosphere, losing only a small portion of its
velocity in the first graze, several grazes are
required before the velocity is reduced sufficiently
for the vehicle to make its final descent.  The use
of a weak initial graze would not only be uneco-
nomiecal of time, but it would also cause the vehicle
1o make several passes through the high-intensity
radiation belts as shown by the dashed line in
figure 1. In order to avoid the radiation belts, the
vehicle should enter on a sufficiently low trajectory
(represented by the solid line in fig. 1) that entry
may be completed in the first pass, or if the
vehiele leaves the atmosphere, the apogee altitude
following exit should not exceed about 400 miles.

~

High intensity rodiation belts

Frsrre 1.—QGrazing entries.
ENTRY CORRIDOR

Manned vehicles must also be restricted to entry
trajectorics which are characterized by limited
decelerations and small entry angles.  These re-
strictions and those imposed by the radiation
belts may be used to define an entrance corridor
for a vehicle. Typical corridor houndaries are
shown in figure 2. Consider first the entry cor-
ridor of the ballistic vehiele as shown in figure 2(a).
Overshoot boundaries may be defined consistent

s

—-Undershoot boundary
G-limited

Overshoot

boundar
\\y _-Outer limit of
— ~<"_atmosphere

Z.-Undershoot boundary
with positive 1ift
G-limited

Overshoot boundary
wi'h negative lift

(a) Ballistic eorridor,
(b) Lifting corridor.

Fraure 2.—ntrance corridors.
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with the restrictions of the radiation belts by
limiting the highest approach to that for which
a vehicle may exit the atmosphere with local
circular satellite speed.  For a ballistic vehiele,
such an exit ig possible only at the upper boundary
of the corridor. A lower approach would lead to
higher decelerations and entry would be completed
n the first pass.  Lower or undershoot boundaries
may be defined by the lowest trajectory for which
the vehiele would encounter a peak deceleration
not exceeding an acceptable value. Above the
corridor the vehicle would enter a multiple-graze
type trajectory and encounter radiation hazards
or, if the entry trajectory were sufficiently high,
no reduction in velocity would oceur and the
vehicle would remain on its original orbit.  Below
the corridor the vehicle would encounter hazard-
ous decelerations.  The entry corridor is then
represented by the area between the limiting
trajectories (solid lines) outside the atmosphere
and their “vacuum’” extensions (dotted lines rep-
resenting the trajectory that would have occurred
if the atmosphere had not altered the path of the
vehicele) inside the atmosphere.

The corridor depth may be increased by use of
lift as indieated in figure 2(b). At the overshoot
boundary a higher approach than for the ballistie
vehicle may be made beeause negative lift can be
used to hold the vehiele in the atmosphere thus
resulting in lower decelerations occurring over a
longer period of time. At the undershoot bound-
ary, positive lift turns the vehicle upward and
away from the vacuum trajectory. At a given
peak deceleration, a lifting vehicle with a smuall
L/D and a ballistic vehicle with the same m/CpA
are approximately at the same altitude. Tt is
apparent that for equal @’s, a lifting vehiele will
enter the atmosphere at steeper angles, and, there-
fore, its approach trajectory is lower than that
for the ballistic vehiele.  Use of lift then increases
the corridor depth by extending both the over-
shoot and undershoot boundaries.

The depth of the entry corridor may of course
be measured at any point along a mean trajectory.
However, at any point other than apogee or peri-
gee of the vacuum trajectory, the flight-path angle
1s different from zero and the definition of the
corridor would not only require a specification of
a depth but also a range of allowable flight-path

angles.  For convenience, then, the corridor depth
is taken as the difference in perigee altitudes of
the vacuum trajectories.  The technique of using
differences in perigee altitudes as a measure of
entry corridors for determining guidance require-
ments for circumlunar flights was also used by
Lieske (ref. 8), Xenakis (ref. 5), and in a more
general and recent study by Chapman (ref. 6).

ANALYSIS

CORRIDOR DEPTH

In caleulating the corridor depth, it will be
convenient to first derive an approximate equa-
tion relating the vacuum perigee radius to entrance
conditions. For the return trip from the moon,
the velocity at any point near perigee is sufficiently
near the local escape speed that the trajectory
near the earth may be approximated with a
parabola (see sketch (2)). For a parabolic orbit,

Sketeh (a).

the perigee radius is related to the entrance radius
and g by
rp_1.cos Oy (1)
I'e 2

The flight-path angle, v, in this case is equal to
6/2. (All symbols are defined in appendix A.)
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Thus equation (1) in terms of the flight-path angle
becomes

=1—sin®y, (2)
re
Noting that r=r,+y aud for y<r, and yx<1 the
perigee altitude is given approximately by

Yo=Yr—TYE (3)

Below the entrance point in the actual trajectory,
acrodynamic forces become important and the
motion is approximately defined by the differ-
entinl equation (ref. 1)

([[/fz j (l—e B +J=0
where
v P
J=e poct

) _‘ 4)
Z=In (V¥gr,)

_B( _’"_)
I_'Iu ((yDA'lpaa

V16, L

J=57"D

The entrance altitude and flight-path angle in
terms of the initial conditions for the solutions to
equation (4) are

]/E:”‘;‘ In fe (5)
and
_ 1 (4 :
‘YI'_\IBI (({/ (())
For convenience, let
AN f A _L (]f 4
1'—\7 and F 7([7 "N

With equations (5), (6),
becomes

and (7), equation (3)

In F,=In Fg4+(F:')* (8)

which relates the density at the vacuum perigee
altitude to the entrance conditions for the solutions

of equation (4). The perigee altitude in statute
miles follows from equations (4) and (8); thus

C=InFNT \/ﬁ >
Yr="pag0p 47 _,,Z (’DA i

For trajectories in which entry is completed in
a sing’e pass, perigee parameters were determined
from the initial conditions for solutions obtained
by machine integration of cquation (4). For
trajectories in which the vehicle leaves the atmos-
phere with \v—l the series solutions to equation
(4), presented in appendix B, were employed.  In
all cases, perigee parameters were obtained for a
range of entrance conditions. Cross plots of
deccleration versus perigee parameters for given
values of L/D were mude and interpolated to
obtair corridor parameters for given values of
peak decelerations of 10, 15, and 20 ¢.

There were small differences in perigee altitudes
between the machine and series solutions.  How-
ever, changes in perigee altitude for given values
of poul\ deceleration were approximately the same.
The perigee altitude for L/D=0 and =1 was
therefore taken from the machine solutions and
changss in perigee altitude for L/D#0 were
detertained from the series solutions.

The entry-corridor depth is simply the difference
in perigee altitudes between the overshoot and
undershoot trajectories, or

); mi (10)

Ay,= <lnl '""—H i
Pov D

1t is « pparent from equation (10) that if the drag
coefficient is the same at both boundaries, the
corridor depth will be independent of the drag-
loadir g parameter, m/('pA.  The average altitude
of the corridor, on the other hand, is dependent
on th mass and drag characteristics of the vehicle
(see eq. (9)). Likewise, the proportion of corridor
depth obtainable with negative and with positive
L/D for a given vehicle will depend on the varia-
tion ¢f Cp with L/D and whether L/D is changed
by de-reasing or increasing (', from the value used
at the corridor boundaries.

UNn

HEATING IN THE CORRIDOR

Heating in the grazes was also obtained by the
method of reference 1 which, for convenience, is
also cutlined in appendix B.
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LANDING POINT

Due to the fact that the L/D in the first graze is
dependent on the location of the vehicle in the
flight corridor, the range traveled and, therefore,
the landing point will also be dependent on the
foeation of the vehicle in the corridor.  In general,
then, it will not be possible for nonlifting vehicles
or vehieles with very small lift-drag ratios to land
at any preselected point.  For the trajectories
in which the vehiele leaves the atmosphere with
V=1 and a sufficiently large flight-path angle, it
is possible to convert the trajectory into a satellite
orbit by applving a small amount of rocket. thrust
when the vehicele reaches apogee. It would then
be possible to wait until the vehicle had orbited
closer to the desired landing point before initinting
the final descent. The maximum waiting time
would be less than 12 hours.

For T’_\-:l, the apogee radius is given by

ra=rx(1+sin vy) =a(l+e) (1

where yy is the flight-path angle at exit and for the
grazing trajectories considered, it will be very
close 1o — (2/3)vg (see egs. (B9) and (B10)). I is
apparent from equation (11) that ry is the semi-
major axis and sin yx is the eccentricity of the
orbit. For conversion to a circular orbit, the
veloeity increment to be provided by rocket thrust
is simply the difference between the local circular
satellite speed and the velocity at apogee, or

AV= \/“ (1—4T—sin vy) (12)

Ty

which for, vy <1, is given approximately by

AT Yx I_ .
v \/ra (13)

If apogee is much greater than 100 miles, con-
version to a circular orbit may provide more
orbit lifetime than is required for a 12-hour waiting
period and thus would be uneconomical of rocket
fuel.  In this case raising perigee to, say, 100 miles
may be all that is required for a 12-hour wuaiting

period.  The cecentricity of this orbit would be
g o (100X 5280) (14)
T re (r,H 100 < 5280)

where r, 1s the radius of the earth.

"

The velocity increment required at apogee is
the difference in velocity of this orbit at apogee
and that of the orbit following exit after the initial
graze.  For small cccentricities the veloeity inere-
ment is given approximately by

B(rx—e
Ty 2

AV = (15)
Let us consider next the development of equations
to evaluate the guidance requirements for the
return lunar flight.
GUIDANCE REQUIREMENTS

o assess the guidance requirements for the
lunar return trip, it was assumed that the vehicle,
after essentially leaving the moon’s gravitational
field (r/ry<{0.9), traveled along an elliptical orbit
as shown in figure 3. The orbit was assumed to

~— Moon

P Return trajectory
-~ H= 4007 miles

— o= 238, B57 miles
- e:.967

Fiaure 3.~ Return trajectory.

have an apogee radius equal to the mean radius of
the moon’s orbit around the carth and a perigee
altitude equal to 44 miles.!  The eceentricity of this
orbit is 0.967. A vehicle on such an orbit would
require a transfer time of about 5 days from launch
on the moon to its entry corridor. A shight in-
crease in eccentricity will greatly reduce the trans-
fer time. To assess, in part, the effect of transfer
energy on guidance requirements, a study will also
be made of orbits having eccentricities of 1.0 and
1.033. To evaluate the guidance accuracy re-
quirements it will be convenient to obtain a single

11t will be seen later that 44 miles is the vacuum perigee altitude for a

ballistic vehicle having an m/Cp A =1slug/(t2and entering along the overshoot
boundary of its corridar.
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relation for the perigee radius as a function of
r, V,and y.  The following equations for motion
along an orbit described by a conie section were

employed (see, c.g., ref. 9),
1—e? r,(1+e .
_all—en)  r(+fe) (16)
T 14ecosd 1+ecosd
2 1
Ve (_ (17
roa
and
h=rV cos y= constant =r,V’, (18)

From these equations, the following relation for the
perigee radius may be dertved
r*V?2 costy

"t (19)

/] v (f)*',y_z> cos?y

-V B

By partial differentiation of equation (19), the
derivatives obtained represent a first approxima-
tion of the error in perigee radius due to individual
unit errors in r, 17, or vy,

where

These derivatives are as

follows:
or, T —Vzp
9 L. r >
or ( + ¢ I') (20)
2
a’” "”(1—,7) (21)
or 1+e )
5;!’ = tan vy (22)
where

Total crrors in r, due to small combined errors
may be determined with the equation for the total
differential; thus, for an orbit initially parabelie,
we have

A ) A A
"V(z ) "4o 1—7—)——‘};—21:m'yA'y

Now compare this equation with the one given by
Chapman (ref. 2)
Ar, Ar AV

=42 -;—2tan yA
. t 1 v Ay

In the present analysis, variable coefficients are
found for Ar/r and AV/V whereas Chapman shows

constant coeflicients for these terms. The dif-
ferences are due in part to the different set of
independent variables used by Chapman (r, 7,
and 1) and to the fact that he precluded changes
in the orbit due to changes in eecentricity when he
set e:=1.0 or V2=2 prior to differentiution. The
coefli ‘ient of Ay, however, is the same in both
equations because 0e/Oy=0 for e=1.0.

The perigee derivatives, equations (20), (21), and
(22), have been evaluated for the assumed orbits
used to approximate theveturn lunar flight and the
resulis are presented in figure 4. Only relatively
small changes in 9r,/0r are noted for the small
changes in eccentricity assumed. However, the

20 /

ap

2
mi/mir

7

/ -
7
7

arp
v’
mi/fps

b

1 |
2 4 6 8 1.0
/rm

Ficure 4.—Perigee derivatives.
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converse Is true for the derivatives with respect to
velocity and flight-path angle, and fairly large
changes in these derivatives are noted, particularly
for values of range at which the vehicle is close 1o
the moon.  These derivatives, together with the
caleulated entry corridors, are used to evaluate
guidance aceuracy requirements.
OPTIMUM THRUST VECTOR FOR TRAJECTORY CONTROL
The perigee derivatives determined above may
alzo be employved to determine the veloeity inere-
ment required to correct a small error in the target
perigee altitude. A change in perigee altitude due
to application of thrust tangent to the flight path
18 given by
or .
Ar,= ="AV, (23
» O‘ )
and that due to thrust normal to the flight path is
given by
1 or .
Ay == " A} (24)
ya ‘ a‘y n
To determine if an optimum angle exists so that
Ar, 18 4 maximum for a given AV, we assume that
thrust is applied at an angle 7 to the veloeity
veetor as shown in sketeh (b).

Sketeh (b)),

The component changes in the velocity vecetor are
o .
as follows-
AV, =AV cos 7

AV, =AVsin 7 (25)
AV
tan Ay=_;—"-"_,
v Vi+al, J

may assume that
With these assumptions, the
approximately

For small corrections, we
AV« VU and Ay,
change in  flight-path angle is
given by

y

A
Ay="

sinr (26)

HETS06 - 61——---2

The change in perigee radius due to combined
normal and tangential thrust follows from the
equation for the total differential

AV o=

AV cos r—}-%%’—’ f‘ sin 7 (27)

or,

A =ar

Differentiating equation (27) with respect to rand

setting 51— Ar,=0, we have for the thrust angle
T
[ AADr0m)

or,/oV (28)

Topt—tan~

)
((llr‘ Ar,, 18 negative; thus,
Az, s o maximum for a given AV when the thrust
is applied at the angle 74,

With equations (21) and (22), equation (28)
becomes

_ I4e/ 1 0 N
Topr=tan! [_T (lr—rl'r,,/l’) tan ‘y] (29)

FFor >, the
1+e 1
5 (s
the orbits considered.  Thus, the optimum direc-
tion for the thrust veetor is essentially along the
local horizontal or normal to the range vector,
The optimum thrust or AV required per unit
change in perigee radius is determined by setting

The sccond derivative,

coeflicient of tany,

>; 15 very nearly equal to —1 for

T=Ty I cquation (27) and rearranging thus
/AV) (ar,, 1 or, . -t
- = 3% €O8 T35 5 SIN T (30)

( Jopt a‘ ‘ ‘ a'}’ ’

The expression for this derivative in terms of
range 1s very simple in the ease of the parabolie
orbit and is easily obtained with the aid of equa-
tions (18), (21), (22), and (29) and noting that
for e=1,

2, "I’ 2
costy= . = 08 (— T opt)

AV Vol fa)z]ﬂ :
\Ar[:)upt’V 2" 1 ( r (';1)

RESULTS AND DISCUSSION

thus

CORRIDOR DEPTH

The effect of L/ and ¢ limits on entry corridor
depth is presented in figure 5(). The vacuum
perigee altitude in statute miles is shown for a
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vehicle with a drag loading, m/C,A, of one slug
per square foot, and the correction term for other
drag loadings is indieated on the abscissa,  The
boundary for which exit will oceur with Tye—1is
given by the solid line. Above this line, for
constant L/D, a vehiele will exit the atmosphere
with V> 1 and multiple grazes may  oceur.
Below the line, no exit occurs and entries are
completed in the first pass.  Deceleration bound-
aries of 10, 15, and 20 ¢ ave given by the dashed

lines.  (The varation with LD of G, and
entrance angles for V=1 are given in tigure 5(h).
3~ Multiple-graze entr
for c?ms?%nt LD y
7=z
2_
Miles -
0% e L707£084
4a JlfD7X0AT_
L0 “t
0 = ]
4 HBm.nI
/ 22mi
.I -
_2 L(O) 1 | 1 l 1 1 1
80 60 40 20 O -20 -40 -60 -80 100

Yp+4.7n miles

_m_
Cpd
() Vacuum perigee.

Frovre 5-—Entrance corridor for entry from parabolie
trajectories,

-20 - 50 —
Ves V=l
Ve=v/2, Vy Grmax
-6} 40 —
F
-2} 30—
7 deg Gmax» 95
_8_ 20_
-4 10—
OL(b) ob T ! ]
-2 -1 0 i 2

L/0
(b Entranee angle and peak decelerations at corridor
houndaries.

Frcuere 5. -Concluded,

Tntrance altitudes for these angles are defined
by equation (B9) in appendix B))  The depth of a
corvidor for a given 4- L/ is, of course, dependent
on the difference in drag cocflicients at the LD
limits.  For small L/, the change in drag is also
small and the corridor depth is essentially as given

SNATIONAL AERONAUTICS AND SPACE ADMINISTRATION

by the curves.  (Note also that one of the most
practi-al methods of obtaining a change v L/D
from some positive value (o some equal but
negative value is simply by inversion, in which case
the value of () is equal at corresponding values of
positive and negative L/ 1t is interesting to
note, hen, that for small values of L/ (L/D<1)
the amount of corridor depth gaimed for negative
L/D i small compared to the amount gained for
positive L/D although in the latter case larger
decelerations are encountered. 1t may also be
noted that for the given values of maximum
deceleration considered, lifting vehieles with Ty=1
have a substantinlly deeper corrudor, about 44
times deeper, than do ballistic vehieles.  These
resultss also show that for decelerations aceeptable
for a manned vehicle, maximum corridor depths
are obtained with relatively small hft-drag ratios,
For example, for 10 ¢, the corridor depth is a
maximum of 44 miles for L/D= 4047 and for
20 ¢, the corridor depth is a maximum of 104
miles for L= +0.84. In addition, for a given
(Fass the use of a higher value of L/ than that
which vields V1 would give only a small in-
crease in corridor depth and results, of course, in
Ty In this ease, wultiple grazes arve likely
to occur with the attendant possiblity of inereased
radiation exposure. 1t might be noted here that
the work of Liees (rel. 4) has indicated that the
use of variable lift with constant drag can reduce
the (7. for a given L/D at entrance.  Thus for a
given limiting value of 7, the LD at entrance
mayv oe increased, thus inereasing the depth of
the entry corridor.  However, as pointed out by
Chap nan (ref. 6), o vehiele must Iy with constant
', s considered i Lees” analysis or with de-
creasiig (5, (decreasing «) in order to achieve
these gains in entry corridor depth. Flyving the
latter alternative, deereasing €' with decreasing
(7. which will be the ecase unless the additional
comp ication of variable drag devices be employed,
will Tad to more severe heating problems than
those for a small, constant L/[1).

HEATING CONSIDERATIONS

To make full use of the available entry corridor,
a velicle must be eapable of operating at any
|L/D| S LD pax 2l must withstand the heat-
ing associated with each L) The variation of
heating with L/D is presented in figure 6. For
the stagnation region, parameters which define
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Firaore 6.---Heating in eorridor,

the maximum heating rate, unit heat-transfer
load, and maximum radiation-equlibrium  tem-
perature are presented for vehieles which enter at
parabolic velocity (Vie=+42) and exit at satellite
veloeity (\_'X: 1).
satellite-entry case are shown also.
with a value of (', e/ of 1 cubic foot per slug,
which appears to be a representative value, the
parameters represent the actual values of maxi-
mum heating rate and heat-transfer load at the
stagnation point. [If the emissivity, €, 1s also
considered to be unity, ther the maximum stag-
nation-point radiation-equilibrium temperature is
also given directly by the curves. One point of
interest in these results is the opposite trend of
the various heating parameters with L/D in the
case of parabolic graze as compared to the trend

Corresponding curves for the
For vehieles

for the case of satellite entey. This difference is
readily understandable when the effeet of L) on
the two types of trajectories is consudered. It
may ulso be observed that for a parabolic graze,
values of negative L/ are favorable for radiation-
cooled vehicles beeause they result in lower heating
rates  and  radiation-equilibrium  temperatures,
while positive values of L/D are favorable for
ablation or heat-capacity cooling schemes becanse
they result in smaller heat-transfer loads. It is
apparent then that if full use of the available
corridor Is necessary to satisfy guidance require-
ments, heat shields must be capable of operating
to extremes in heat-transfer load at one side of
the corridor and 1o extremes in heating rates at
the other side.  Development of structure eapable
of radiation cooling at low heating rates and of
ablation at higher heating rates appears to bhe one
solution to this problem.

Upon closer examination of the results for the
range of L/1} considered, the heating parameters
appear to be somewhat higher in the case of para-
bolic graze than in the ease of satellite entry.
For example, the maximum radiation-equilibrium
temperature during the parabolic graze is greater
than that for nonlifting satellite entry exeept when
the lift-drag ratio is negative and greater in mag-
nitude than unity. I is reealled from figure 5
that the corridor depth available to a vehiele
restricted to this range of L/D is quite small.
Sinee materials suitable for use with radiation-
cooled nonlifting satellites are somewhat bheyond
present {echnology, the material limitations for
radiation-cooled  vehicles entering at parabolic
velocity may further restrict the range of usable
L/D and the corridor depth,

It is also recalled from figure 5 that a vehiele
eapable of operating over the range —0.5<L/D <
0.5 in a parabolic graze has an entry corridor of
reasonable depth and experiences decelerations
within hunman toleranees. [t is observed from
fieure 6 that for this range of L/D the heating
rates are from about 1.5 to 5 times those for
nonlifting-satellite entry while the unit heat-trans-
fer load varies from about 0.9 to about 3 times
as large.  While these factors are large, they may
still be sufliciently small for moderate values of
drag loading parameters so that the ablation-type
heat protection currently considered for nonlifting
satellites may still be applicable for vehieles in a

parabolic graze. In the end, heating considera-
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tions such as these may be the deciding factors
which determine the depth of the entry corridor
available to a given vehicle.
VELOCITY INCREMENT FOR ORBITING AFTER INITIAL GRAZE

After an initial graze of the type being con-
sidered here, a vehiele will exit from the atmos-
phere with Vi1 and with a flight-path angle
equal to about —2/3 times the entrance angle.
If no action were taken, the vehicle would, of
course, re-enter the atmosphere a second time.
As discussed earlier, there may be oceasions when
it will be useful to convert the trajectory into a
satellite orbit in order to better control the final
descent phase of the entry. One way to accom-
plish such a conversion is to apply a veloeity
inerement at the apogee of the trajectory follow-
ing the mitial graze.  For most negative hift-drag
ratios and m/Cp =1, the exit angles are suffi-
ciently small that conversion to a circular orbit at
apogee following exit results in an orbit which is
sufliciently low that entry would undoubtedly
occeur in less than one revolution.  For negative
lift-drag ratios, higher exit velocities or the use of
positive lift near exit may be considered as meth-
ods for increasing the apogee altitude. With
positive lift or for flight in the lower portions of
the entry corridor, exit angles are higher and con-
versions to near-carth satellite orbits are possible.
For example, for L/D=0.5 and m/(',1=1, con-
version to a circular orbit at an altitude of about
300 miles requires a veloceity inerement of about
780 fps while conversion to an eccentrie orbit with
a perigee at 100 miles requires about 480 {ps.
For the latter ease, assuming a specific impulse of
about 300 seconds, the weight of fuel expended 1s
about equal to 5 percent of the vehiele weight.
Again, these ealeulations are for constant L/ in
the graze.  The use of the proper Lift program may
areatly reduce these fuel requirements. It may
also be noted that a vehicle having a sufficiently
high lift-drag ratio may be capable of sufficient
longitudinal and  Interal range adjustment to
return to a specified landing point  (providing
proper timing of launch from the moon ean be
achieved). In this ease it would not be necessary
to convert the trajectory to an orbit following the
initial graze.

GUIDANCE ACCURACY REQUIREMENTS

With the depth of the entrance corridor known,
estimates can, of course, be made of the accuracy

AERONAUTICS AND SPACE ADMINISTRATION

with which a vehicle must be guided to place it
withir the corridor. Such estimates have been
made with the use of the corridor depths taken
from figure d and the effect of guidance errors on
periger altitude taken from figure 4. The esti-
mates were made for several cornidor depths cor-
respor ding to variovs combinations of L/ and
maxinaum deceleration as shown in the following
table:
Corridor depth,

Grax LiD miles
10 0 8
20 0 22
10 +0. 47 44
20 +0. 84 104

The results are shown in figure 7 where the
permissible errors in flight-path angle, veloeity,

1200
e=0.967
—-_——— = |0
ool —— =1033
¢ P
£ 1£/DI, Gmox (Ifcls;hr/\lt path)
S or 084, 20
3 47, 10
w Moon hi'
i —w =190mirad)
—— \ ICBM
S=sooo-_ (0zimuth)
L ! ! ' l I
100
( [L/D|, Gmox
,-0.84, 20
100 7,47, 10
— Moon hit
(100 mi. rad)
— ICBM
1L ! ! I
10,000 IL/DIv Gmox
0.84, 20
S .47, 10
10100 s
£
<
pi
L ; ; l I I
0 2 4 (3] 8 10

rfm

Firavere 7.—Vuriation of guidanee accuraey requirements
with distance from the earth.
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and position are presented. To obtain these
results it was assumed that the vehicle was ap-
proaching the earth on the elliptic orbit discussed
earlier. Sinee the accuracy of mid-course guid-
ance and navigation equipment is not generally
available in the literature, comparison of these
permissible crrors has been made with the ac-
curacies required at the end of boost to place a
vehicle on the moon within a cirele of 100-mile
radius (see ref. 8), and for an ICBM with the
assumption of a permissible deviation of 41
nautical mile over a range of 5500 nautical miles.

Since the energy of the transfer trajectory may
have an important effect on the accuracies re-
quired, guidance tolerances were also ealeulated
for a ballistic vehicle experiencing a 10 ¢ maximum
deceleration (entrance corridor of & miles deep)
for both a parabolic orbit (¢=1.0) and a hyperbolic
orbit (¢=1.033). Permissible errors for flight-
path angle, velocity, and radial position at r/r,
=0.9areshown in the table below.  Also shown are
estimates of 1CBM guidance tolerances at burnout
that were obtained with the range equation for
ballistic vehicles derived by Eggers, Allen, and
Neice (ref. 10).

Tt [

| Lunar return trajectories (r/rm=0.9) ICBM
JE eI {Range= 5500
+1 n. mi.}
Elliptie Paralwlic | Hyperbolie
Eceentrieity 0. 967 1.0 1. 033
Ay, min . 736 . 236 .175 29 flight path
0.8 azimuth |
R O e 00049 . 00050 00053 0. 00005
Arfr . 00050 . 00050 . 00049 0. 00006

Permissible velocity and position errors are
about the same for all trajectories. They are all
about one order of magnitude less severe than
ICBM tolerances and, therefore, do not appear
critical even for the narrow corridors of ballistic
vehicles.  Angular accuracies required, however,
are considerably more stringent than ICBM
tolerances for flight-path angle. The tolerance
for ICBM-azimuth angle is considerably less than
that for flight-path angle and probably represents
more closely the attainable limits for angular
accuracies of present guidance systems.  The
angular accuracy requirements for the elliptical
orbit come close to meeting the same requirements
as for the ICBM, at least at #/r,=0.9. However,

from the complete results in figure 7, angular
accuracy requirements for this vehicle (L/D=0,
(Fuax=10) are more severe than TICBM require-
ments over most of the orbit. The ballistic
vehiele using the elliptical orbit and a larger
corridor of 22 miles and peak decelerations up to
20 g has angular tolerances which are comparable
to ICBM tolerances.

In assessing these results, however, it should
be recognized that mid-course navigation and
guidance equipment in the near future will prob-
ably not provide the same accuracy provided by
inertial systems  during Iaunch. Tt may be
expected, therefore, that ballistic vehieles may not
be suitable for the lunar flight and that the larger
allowable tolerances provided by the use of lift
and least energy orbits may be required to satisfy
navigation and mid-course guidance requirements.,
It should also be noted that mid-course measure-
ments and corrections of the velocity and position
veetors to the tolerances given in figure 7 will
only place the vehicle somewhere within the entry
corridor. Prior to entry, a precise measurement
of the location of the wvehicle in the corridor
must be made in order to determine the proper
lift-drag ratio to be used in the graze.

OPTIMUM THRUST VECTOR FOR CORRECTION OF PERIGEE
ALTITUDE

If u vehicle on its trajectory approaching the
earth is sufliciently off course, it will not enter in
the desired corridor. In this event, it will be
necessary to alter the trajectory by the applieation
of thrust. It is desirable to apply thrust at an
angle that will produce the largest possible change
in perigee altitude, for, in this manner obviously,
the amount of thrust or impulse required to make
a given correction will be minimized.  With the
aid of the equations previously developed, this
optimum thrust angle, 74, (measured with respect
to the local flight path), has been caleulated and
the results are presented in figure 8. Comparison
of 7,5 18 made with the flight-path angle, y.  For
most conditions, these two angles are very nearly
equal in magnitude but opposite in sign.  This
correspondence holds particularly at larger »/r,
and even at r/r, of 0.1, the two angles 74, and —y
differ by less than 4°  This finding indicates
that the corrective thrust may be applied parallel
to the local horizontal over most of the range
with very little loss in effectiveness.
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Frcrre 8.—Optimum angle for corrective thrust impulse.

The variation with range of the increment of
veloeity required per unit change of perigee radius
(AV/Ar,)epe, 18 presented in  figure 9. It is
interesting to note that even though large varia-
tions in the derivatives, or,/0V and 0r,/dy, were
obtained for relatively small variations in tra-
jectory (see fig. 4), (AV/Ar,)e is essentially the
same for the three orbits considered. The ex-
planation for this result is simply that, because of
the essentially horizontal application of thrust,
the change in 7, is primarily a result of changes

Ic
£-0967
—— 10
-—— 1033
8
.E'
5 €
&

’

(AV/ B rplopt.
KN

Yy

rrm

Ficure 9.—Variation with range of inerement of veloeity
required per mile change in perigee altitude for thrust
applicd at the optimum angle, 7=7,y¢.

in the angular momentum of the orbit. Since
the w gular momentum for a given r, is pro-
portional to the term, VT4e¢, the angular momen-
tum dffers little for the three orbits considered.
For these reasons, the energy or Al required to
change the orbits a given amount is essentially
the samne for these orbits.

Perl:aps o more important point here is that the
energy required to effect a given correction in
perigee altitude increases with decrcasing range.
From :quation (31) for the parabolic orbit, which
from the results just presented is representative of
all three orbits, the AV required per unit change in
rp, exeopt near perigee, is approximately inversely
proportional to the range. Thus, in order to
minimize the weight penalty of fuel required,
correc ions should be made at the largest range
possibie. Tt is important, therefore, that the
ability to deteet errors acceurately should extend
to as Large a range as practical,

CONCLUDING REMARKS

An investigation has been made to determine
the ef'ect of lift on the entrance corridor and
guida ce requirements for manned vehicles re-
turninz from the moon. Only strong-graze type
entries in which the velocity of a vehicle is re-
duced to satellite speed or less in the first passage
through the atmosphere were considered.  Weak-
or multiple-graze type entries were not considered,
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as they tend to be unattractive because their
guidance requirements are severe and because
they expose the vehicle to the radiation belts for
long periods of time.

For the purposes of this study, the entrance
corridor was defined in the manner used by
others as the difference in vacuum-perigee altitude
of two extreme approach trajectories.  These two
trajectories were selected as follows: If a vehicle
approached the carth on a path above the upper
of the two, it would encounter insufficient air to
reduce its velocity to satellite veloeity and mul-
tiple grazes would result.  If a vehiele approached
on a path below the lower of the two extremes, it
would encounter decelerations in excess of some
selected maximum value.

In the study, it was found that the use of lift
in amounts to produce relatively small hift to
drag ratios increases the usable depth of the
entrance corridor.  For example, if maximum
decelerations are limited to 10 g, the corridor
depth increases from 8 miles for a ballistic vehiele
to 44 miles for a vehicle with L/D=+0.47. If
the limit is 20 g, the depth inereases from 22 miles
for a ballistic vehiele to 104 miles for a vehiele
with L/DD=40.84. The use of higher Lift-drag
ratios is effective in further inereasing the corridor
depth only at the expense of higher maximum
decelerations.

At the upper boundary of the corridor a vehicele
encounters moderate heat-transfer rates but large
total heat-transfer loads. At the lower boundary,
the converse is true. For these reasons, radiation
cooling appears attractive near the upper boundary
and ablation cooling appears attractive near the
lower boundary. If a vehicle is to make full use
of its entry corridor, its structure may be required
to withstand both cextremes of heating. The

development of structures capable of combined
radiation and ablation cooling would be one
solution to this problem.

Mid-course guidance requirements appear to be

eritical only for the flight-path angle. Increases
in the energy  of the transfer orbit eause

inereases 1 guidancee aceuracy requirements on
the flight-path angle.  For the least energy orbit,
guidance requirements for ballistic vehiceles arve
comparable to those for ICBA and to those for
the launch of a vehiele from the earth to impact
on the moon with an accuracy of +£100 miles.
Sinee it is unlikely that mid-course guidance and
navigation equipment in the near future will
provide the same degree of accuracy as inertial
systems during launch, it is probable that ballistic
configurations will not be suitable for the initial
lunar flights of manned vehicles. Thus Lifting
vehieles with their inereased corridor depths and
associated reduced guidanee requirements may be
required.

To correct a trajectory for an error i vacuum
perigee, it was found that application of the
corrective thrust essentially parallel to the local
horizontal produces the maximum change in
perigee altitude for a given inerement of velocity.
It was also found that the energy required to
effect a given change in perigee altitude is not
stronglyv dependent on the energy of the orbit but
it was found to vary inversely with range measured
For this reason, it
is important to detect and correet any errors in

from the center of the earth.

approach trajectory at the largest possible dis-
tance from the earth.
AMEs Rusearcit CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Morrert Fienp, Cavniv., Feb, 26, 1960
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APPENDIX A

SYMBOLS
semimajor axis of elliptical orbit Try:
reference area, sq ft v

. drag v
drag coeficient, -— 55
& T (1/2)pV2A
. L. lift
lift coeflicient, - -o—si—
T (1/2)p1 %A W
drag, b y
Naperian logarithm base or eccentricity 7
of orbit a
density ratio of exponential atmosphere
(see eq. (4)) and dimensionless function 3
of reference 1, .
of Y
normalized f function, _f;
v €
gravity acceleration, 32.2 ft/sec? 6
peak resultant deceleration, ¢ A
angular momentum per unit mass in
conie orbit, ft?/sec v
unit total heat transfer, Btu/ft?
m O\
drag parameter, B ( ,'—~~*> P
r, ( D;ipoa, Po
. Iar. L T
lift parameter, ¥ /8% 2
! o D
lift-drag ratio
mass of vehicle, slugs a
heating rate, Btu/ft’see I
radius measured from center of carth, ft ES
or statute miles opt
mean radius of moon’s orbit, 1.235X10°ft  ov
(238,857 statute miles) P
mean radius of the earth, 2.092X107 ft S
(3,963 statute miles) un
time, see X

radiation equilibrium temperature, °R
velocity, ft/sce
ratio of veloeity to local circular satellite

>
7

speed, —
vu/r

vehiele weight, 1h

altitude, feet except as noted

In(V%/gr,)

constant in cquation (4) of exponential
atmosphere, 0.715

density decay parameter of exponential
atmosphere, 1/24,800 ft

flight-path angle measured from local
horizontal, negative downward

emissivity

polar angular coordinate

Stefan-Boltzmann constant, 4.81X107",
Btu/ftisec °RY

radius of curvature of stagnation region,
ft

atmospheric density, slug/ft?

sea-level density, 0.002378 slug/ft?

thrust angle

gravitational constant for earth, 1,408 X
10, ft3/sec?

SUBSCRIPTS

apogee

entrance

escape speed

optimum

overshoot

perigee

stagnation region

undershoot

exit



APPENDIX B

SERIES SOLUTIONS FOR MOTION AND HEATING WITHIN THE ATMOSPHERE

The methods emploved to obtain the trajectories
inside the atmosphere were obtained from reference
1 and they are outlined here for convenience. The
transformed differential equation of motion, as-
suming an exponential atmosphere, is given by the
expression

af 1 ,
([“77:3+}—.(1—e*‘)+J:() (B1)
where A
— B P,
f=e® oo
T2
Z:h](}‘)
.(/ru
_B ,_"1_>2
1‘,‘u<( van‘la,
and L
‘18r, L
=570

which is subject to the restrictions of the approxi-
mations of the derivation

RS
Wy <D (B2)

F4

and
[yl <r,

and assumptions of a spherical earth and fixed
atmosphere.

The flight-path angle is proportional to the first
derivative of f with respeet to Z and is given by

(B3)

Equation (B1) may be rearranged as follows:

dif | Tem%o

¥4 —Z—=Zg
st - [efo—e N+ J=0
([ZZ+ f [ ]+
A series solution to equation (B4) for grazing en-
tries was given in reference 1 as

F [ . o
L= =S by B

v fe %0

(B4)

The constants for this solution were obtained (in
ref. 1) by substitution of equation (B3) and a
serles expansion for ¢7%-%) in equation (B4) and
by application of the boundary condition, F/=0
at Z=7,; terms having like powers of Z—-Z, were
collected and the coefficients equated to zero.
Solutions of the equations obtained yield for the
coefficients of equation (B5)

k=0

e (g Ko gy a

,L‘)_-—Q—k_u (e 1+2 ‘\‘6IUP I))
1

==,

It may be noted that sinee only one of the two
required boundary conditions has been applied,
all subsequent coefficients oceur in terms of &,
For grazes having eait velocities not lower than
local cireular satellite speed, it is sufficient to
retain terms up to and including (7-7,)% thus

L o o [1 S
VI 2k, \

efo—1

ke g %) 7)) 2] (B6)

where k, 18 determined from the boundary condi-
tion that =0 at Z=Zgg=1In 2 which vields the
following quadratic for &,

kuZ_ﬁq \Bﬁid( {3) (ZES_ Zt)) :
o 0—1
— 5 (Zes—Z)*=0

5 (BT)
It may also be noted that for F=0 at /=27 .5 the
cocfficient of (Z—7,)7 in equation (B6) is equal to
1/(Zes—7,)%  For exit (/'=0), at satellite speed,
Z, in equation (B6) is Zue/2; and for exit above
satellite speed, Z,= (Zgs—H74) /2.

The boundary conditions, F=0 at Z=/7 s or
Zx, place the initial and final ends of the trajectory
15



16 TECHNICAL REPORT R—80—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

at y= . While applyving the boundary conditions
at o has only a small effect on the motion and
heating in the lower portions of the trajectory,
motion near the initial and final portions of the
trajectory is not adequately described by the
solution, nor, in fact, by the differential equation
(eq. (B4)). Equation (B4) and its solutions are,
of course, subject to the restrictions of condi-
tion (B2). We may, therefore, apply these condi-
tions to determine the altitudes at which the
equations first become valid on entry and cease to
be valid at exit. In general, the third inequality
of condition (B2) is less restrictive than the second
and it is usually satisfied when the second in-
equality is met. The second inequality states
that the analysis is valid when the weight compo-
nent along the flight path is small compared to
the drag force. This condition is satisfied at
entranee and exit by =0.1D which in terms
of the # functions is

ﬁ‘/

20

quation (B8) was used to relate /' and F7 of the
entrance and exit conditions for the machine
solutions.  For the series solutions, boundary con-
ditions were applied as given and entrance and
exit parameters determined as follows

1. An approximate evaluation of equation (B8)
is obtained first by setting Zy=7Zgs and Zx=0
thus

1)———1” " and I‘\ZB—I' ! (B9

’ gr,
2. With the use of equation (B6) and its first
derivative, equations (B9) become quadraties in
(7 —7,) which are easily solved for the values of Z
at entrance and exit. By substitution of these
values of /, and Zy in equation (BG), entrance
and exit parameters are obtained which satisfy
conditions (B2) and are given by

FomCaly=Chye™®? )

and
Fy=CxF,=Cgk,e”**

b—[ ( /“/’—*—’—“—) ]—ooooL (B10)
\—[ ("‘,ﬁif;/') ]mo 088

where

The peak resultant deceleration occurs near the
minitaum altitude point in the graze and is approx-
imatdly given by

ILM Zoiz
Guax= \ﬁ’o Ci \/1‘+‘(

The stagnation-region heating rate is given by

/ /J" (d/’ (Z—Zo)
Zes—

(B12)

(B11)

gs :K“ f‘.u g5% 014 |:1 _

wher»

,,,,3, (gra)?? <B)1H > 2
TTIS N (,)Aq

(see ref. 11)

and
('e=1.673X107%, y/slug/ft

and peak heating occurs at

(Z_Zu>q.5' + \1+9(/ES A)

max
Ti ¢ unit heat-transfer load 1o the stagnation
region, assuming a cold wall and laminar-contin-
uum flow, is given by
redfolt ’,
][s:Kz "T‘ ([ES_—AU) (B].‘i)
ARy

where

1/4 N1/2
2:” J’o( > (1)¢10')

Tle stagnation-region radiation-equilibrium
temp-eratures follow from equation (B12) and the
Stef: n-Boltzmann law, thus

-(5)
Theg=

whete e is the emissivity and A is the Stetan-
Bolt zmann constant.

(B14)
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